Rodent cells are notable for their inability to support normal assembly of HIV particles. In this report, we address possible causes for this defect by considering the hypothesis that mRNA-associated events occurring in the nucleus can regulate the activity of their encoded proteins in the cytoplasm. We show that altering the RNA nuclear export element used by HIV gag-pol mRNA from the Rev response element to the constitutive transport element restores both the trafficking of Gag to cellular membranes and efficient HIV assembly in murine cells. These results suggest that two phases of the HIV life cycle, RNA export and capsid assembly, that have hitherto been regarded as distinct are, in fact, linked. Thus, protein function and fate may depend upon the full and precise history of its encoding mRNA.
Introduction
The nuclear history of a messenger RNA can dramatically affect its fate in the cytoplasm. This is illustrated by the role of pre-mRNA splicing in the determination of messenger ribonucleoprotein (mRNP) particle composition (Dreyfuss et al, 2002; Reed and Hurt, 2002) . Specifically, splicing results in a complex of proteins known as the exon junction complex (EJC) being assembled 20-24 nucleotides upstream of the exon-exon boundary. Multiple components of the EJC have the potential to affect the cytoplasmic fate of mRNA in a number of ways: for example, in human cells, the EJC marks the RNA for efficient translation or, in the presence of a premature termination codon, for nonsense mediated decay (Dreyfuss et al, 2002; Maquat, 2004; Nott et al, 2004) , while in Drosophila cells, the EJC marks oskar mRNA for proper cytosolic localization (Hachet and Ephrussi, 2004; Palacios et al, 2004) . Similar to splicing, RNA export is also capable of modulating mRNP composition. For example, in Chironomus tentans Balbiani ring mRNA export, the mRNP is formed cotranscriptionally as multiple different RNA binding proteins assemble on the elongating transcript (Daneholt, 2001) . Some of these RNA binding proteins, such as hrp36 and hrp84, are associated with the RNA from transcription through to translation at the polysome, whereas others, such as hrp23 and hrp45, dissociate from the mRNP coincident with export through the nuclear pore complex. Thus, post-transcriptional events that are initiated in the nucleus can dictate mRNA fate in the cytoplasm, potentially through the regulation of mRNP composition.
While many proteins are important for the nuclear export of RNA and proteins, NXF1 (also called Tap) and Crm1 (also called exportin 1) are the best characterized (Lei and Silver, 2002; Cullen, 2003) . Most cellular mRNA export is mediated by a heterodimer of NXF1 and its partner p15 that is recruited to spliced RNA by multiple, redundant factors including the EJC and SR proteins such as Srp20 and 9G8 (Stutz and Izaurralde, 2003) . Crm1, a member of the karyopherin family of nuclear transport receptors, is unrelated to NXF1/p15 and mediates the nuclear export of leucine-rich nuclear export signal (NES)-containing proteins by binding to them in the nucleus and escorting them to the cytoplasm. In addition to its role in protein export, Crm1 also mediates the export of several classes of RNA such as 5S ribosomal RNA, U snRNAs and some mRNAs through the action of NES-containing RNA binding proteins (Lei and Silver, 2002; Cullen, 2003) . Although the inhibition of NXF1 (or Mex67p in yeast) function prevents the bulk of poly A þ RNA export in metazoans and yeast (Segref et al, 1997; Tan et al, 2000; Herold et al, 2001; Wilkie et al, 2001) , fine regulation of mRNA export is likely to be more complex. For instance, a recent study in yeast showed that the export of different mRNA populations was differentially sensitive to the loss of Mex67p or the EJC component Yra1 (Hieronymus and Silver, 2003) . In higher eukaryotes, most mRNAs appear to use the NXF1 nuclear export pathway (Herold et al, 2003) , but under specific physiological conditions such as cellular stress, a minority of transcripts may utilize Crm1-dependent export pathways (Gallouzi and Steitz, 2001) . For example, during heat shock, AU-rich elements (AREs) in the 3 0 untranslated regions (UTRs) of mRNAs such as c-fos act as cis-acting elements to recruit a cellular protein, HuR, to the transcript, which allows Crm1-dependent nuclear export. Extrapolating from these points, it would not be unexpected if cis-acting elements connected to specific mRNA nuclear export pathways could influence cytoplasmic mRNA fate, perhaps by modulating mRNP composition.
Characterization of retroviral RNA export has helped elucidate the mechanisms of nuclear export for both cellular RNAs and proteins. Most notably, work on human immunodeficiency virus (HIV) and Mason-Pfizer monkey virus (M-PMV) RNA export has resulted in the identification of the aforementioned export factors Crm1 and NXF1. All retroviruses must export unspliced (intron-containing) as well as spliced transcripts to express the full complement of viral proteins and to allow packaging of the unspliced genomic RNA into cytoplasmically assembled viral particles (Pollard and Malim, 1998) . In the case of HIV, all introncontaining mRNAs contain a highly structured cis-acting element called the Rev response element (RRE). This is bound by the viral Rev protein, a product of fully spliced mRNA, which induces export through the recruitment of Crm1 via its leucine-rich NES. Accordingly, two viral components, Rev and the RRE are essential for unspliced HIV mRNA export (Pollard and Malim, 1998) . All M-PMV transcripts include an extended stem-loop structure known as the constitutive transport element (CTE) (Bray et al, 1994) . In contrast to the RRE, the CTE serves as the direct binding site for NXF1, which then mediates export through engagement of normal mRNA transport processes (Gruter et al, 1998) . Thus, the RRE and CTE are well-defined RNA export elements that connect to distinct nuclear export pathways.
Cytoplasmic HIV unspliced transcripts are either packaged into virions or translated into the Gag or Gag-Pol polyproteins (Freed, 1998) . Gag is a 55 kDa protein containing all the signals necessary to mediate viral assembly, being both necessary and sufficient to form virion-like particles with the same density and size as wild-type particles. Coincident with budding, p55
Gag is proteolytically cleaved five times to produce p17
Gag (matrix, MA), p24 Gag (capsid, CA), p7
Gag (nucleocapsid, NC), p6 Gag and two short spacer peptides, a process that drives core condensation and is known as maturation. Several important assembly domains have been characterized within HIV Gag. MA contains the membrane targeting (M) domain, which consists of a myristoylated amino-terminal glycine and a neighboring patch of basic amino acids. NC contains a major interaction (I) domain, which allows Gag to bind RNA and thereby nucleate proteinprotein interactions. p6
Gag contains a late budding (L) domain, which is required for membrane fission and virus release. Following translation, Gag translocates to the plasma membrane where the bulk of Gag-Gag oligomerization takes place. However, most of the steps involved in HIV particle assembly remain ill defined, particularly with respect to the role(s) of cellular factors. One exception to this is L domain activity; recent work has demonstrated that p6
Gag binds Tsg101 and AIP-1/ALIX, which recruit the ESCRT vacuolar protein sorting machinery to allow membrane fission and budding (Garrus et al, 2001; VerPlank et al, 2001; MartinSerrano et al, 2003; Strack et al, 2003; von Schwedler et al, 2003) .
The analysis of species-specific barriers in the HIV life cycle has been very influential in identifying human genes important for virus replication. For example, reconstitution of HIV entry or transcription in rodent cells helped verify the key roles of CD4 and chemokine receptors, or CyclinT1, respectively, in these processes (Maddon et al, 1986; Feng et al, 1996; Wei et al, 1998) . Importantly, however, murine cells expressing the human CXCR4/CCR5, CD4 and CycT1 genes still fail to support significant HIV replication Bieniasz and Cullen, 2000; Mariani et al, 2000) . Work from several groups has shown that at least one additional block to HIV replication in rodent cells is manifested during virus assembly (Bieniasz and Cullen, 2000; Mariani et al, 2000; Koito et al, 2003) . In particular, even when substantial expression of p55
Gag is achieved in murine cells, both Gag processing and virus budding are severely diminished.
Here, we report a novel example of how RNA nuclear export elements can modulate post-translational events in the cytoplasm. Specifically, we show that changing the HIV gagpol mRNA export pathway from RRE/Rev/Crm1 dependence to CTE/NXF1 dependence restores efficient virion budding in murine cells. These findings suggest that the activities of retroviral RNA export elements extend beyond translocation across the nuclear envelope and raise the possibility that RNA export pathway selection can modulate the cytosolic fate or function of proteins.
Results
There are multiple HIV replication blocks in murine cells including entry, transcriptional elongation, splicing, assembly and infectivity (Maddon et al, 1986; Trono and Baltimore, 1990; Malim et al, 1991; Atchison et al, 1996; Wei et al, 1998; Bieniasz and Cullen, 2000; Mariani et al, 2000; Zheng et al, 2003) . To analyze the assembly block specifically, we constructed a subgenomic vector containing the gag-pol and vif genes plus the RRE (GPV-RRE in Figure 1 
Intron
Codon optimized to remove inhibitory RNA elements Figure 1 HIV Gag-Pol constructs. GPV-D, GPV-RRE, GPV-1 Â CTE and GPV-4 Â CTE were cloned into the pcDNA 3.1 vector with a CMV-IE promoter (CMV) and a bovine growth hormone polyadenylation signal (BGH pA). Splice donors (SD) and splice acceptors (SA) are marked. GP-RevInd was a codon-optimized Gag-Pol cloned into the pCI-Neo vector with the CMV-IE promoter (CMV) and the SV40 polyadenylation signal (SV40 pA) (Kotsopoulou et al, 2000) . The vector contained an intron 5 0 of the Gag-Pol coding region.
vector contains the major 5 0 splice donor and the splice acceptors for vif and vpr, Gag is produced from an unspliced, intron-containing transcript similar to that expressed by a provirus. Transient transfection of constructs such as this bypasses the blocks in both viral entry and transcriptional elongation (the latter because this vector contains the CMV-IE promoter). In murine cells, the natural genomic transcript of HIV is 'overspliced' to yield the fully spliced transcripts for tat, rev and nef (Trono and Baltimore, 1990; Malim et al, 1991; Zheng et al, 2003) ; the GPV-RRE construct should not have this problem because it does not contain the splice acceptors that lie upstream of these genes.
By examining Gag expression in cell lysates and corresponding culture supernatants, it is possible to determine if Gag processing and budding are occurring. For example, when human cells such as HeLa were transfected with GPV-RRE, Gag processing was clearly evident in the lysate with both the p55
Gag precursor and processed p24 Gag (CA) being present ( Figure 2 , lane 1). The substantial amount of p24
Gag in the supernatant demonstrates that budding was also efficient in these cells (lane 1). In contrast, when transfected murine 3T3 cells were examined in the same way, p55
Gag protein was expressed, but processing was very inefficient and budding was essentially absent (lane 3). These phenotypes parallel those previously described in a variety of rodent cells, including murine T cells (Bieniasz and Cullen, 2000; Mariani et al, 2000 Mariani et al, , 2001 Koito et al, 2003) .
It has previously been shown that a deficiency in trafficking to the plasma membrane underlies the inefficient processing and budding of HIV Gag in murine cells. Indirect immunofluorescence demonstrated that Gag was not localized at the plasma membrane in murine cells, and an electron microscopy analysis showed that budding structures were rarely found and cytoplasmic capsids were absent (Mariani et al, 2000; Chen et al, 2001; Koito et al, 2003) . One possible reason for defective plasma membrane trafficking is that cellular factors necessary for Gag translocation may be defective in murine cells. Supporting this hypothesis, it has been shown that altering the membrane targeting signal by replacing the HIV MA region with murine leukemia virus (MLV) MA can partially restore budding in murine cells (Chen et al, 2001; . In contrast, however, we had noted that certain expression vectors could produce wild-type Gag protein that is functional for robust budding in murine cells. For instance, an HIV RRE/Rev-independent Gag-Pol expression vector (Figure 1 , GP-RevInd), in which codon optimization inactivated cis-acting inhibitory elements in gag and pol (Kotsopoulou et al, 2000) , resulted in a 14-fold increase in virion particle production from transfected murine cells (Figure 2 , lanes 3 and 4). These results indicated that the cellular factors necessary for the cytoplasmic transport of the HIV Gag protein are functional in murine cells. We therefore hypothesized that Gag translated from an mRNA analogous to that of a provirus is nonfunctional because it is unable to utilize the cellular factors necessary for trafficking to the plasma membrane and budding.
In the light of data developed in different systems regarding the potential regulatory effect(s) of nuclear history on RNA fate, we speculated that the mode of RNA nuclear export may be playing a crucial role in the functionality of gag-pol mRNAs and their translated products. In particular, HIV gagpol mRNA normally utilizes the Crm1/Rev nuclear export pathway, whereas the Rev-independent gag-pol RNA has been shown to be Crm1 independent (Kotsopoulou et al, 2000) and most likely uses the NXF1/p15-dependent nuclear export pathway due to the presence of an EJC. To test the idea that RNA export pathways and HIV assembly may be connected, we constructed matched Gag-Pol-Vif constructs containing no export element, one copy of the M-PMV CTE (1 Â CTE) or four tandem copies of the CTE (4 Â CTE) (Wodrich et al, 2000) (see Figure 1 ) and compared these to the GPV-RRE construct. Importantly, the coding sequence of gag-pol was identical in all four constructs: thus, any changes in Gag membrane trafficking or virion budding would have had to be due to changes in the nuclear export element.
Each vector was transfected into HeLa ( Figure 3A ) or 3T3 ( Figure 3B ) cells and budding assays were performed as above. As expected, very little Gag was expressed in HeLa cells in the absence of an export element or with the RRE alone ( Figure 3A, lanes 2 and 3) . Also as expected, the addition of Rev to the RRE-containing vector resulted in efficient Gag expression, processing and particle budding (lane 4). A single copy of the CTE also stimulated significant Gag expression, but Gag processing and budding were both relatively inefficient (lane 5). Although the basis for this finding is not yet resolved, it was not entirely surprising since earlier work had demonstrated that a Rev-deficient HIV mutant that contained one copy of the CTE replicated poorly (Bray et al, 1994) . In contrast, the presence of four copies of the CTE led to very efficient Gag production, processing and budding (lane 6).
Analysis of cell lysates from the transfected 3T3 cultures revealed that the general trends of relative Gag expression reflected those seen in HeLa cells. The patterns of particle budding were, however, quite different. Gag processing and budding were inefficient in rodent cells following RRE/Rev-mediated expression despite significant levels of Gag production ( Figure 3B , lane 4). Strikingly, Gag processing and particle production were very efficient when expression was regulated by the 4 Â CTE. By ELISA, the levels of HIV p24
Gag in the 3T3 culture supernatants were as much as 40-fold higher for 4 Â CTE samples compared to RRE/Rev samples ( Figure 3B bottom panel, compare lane 4 to 6). Of note, Vif was not necessary for this phenotype as constructs encoding just Gag and the protease (PR) region of Pol gave similar results (data not shown).
As Gag must be cotranslationally myristoylated at its amino-terminus for it to be targeted to the plasma membrane (Freed, 1998) , we 3 H myristate labeled 3T3 cells transfected with the GPV-RRE (plus Rev) or GPV-4 Â CTE constructs and evaluated the status of Gag by immunoprecipitation ( Figure 3C ). Intracellular Gag expressed from both constructs had similar 3 H myristate incorporation, and, as expected, Gag in the GPV-4 Â CTE transfected cells was cleaved into the p41
Gag processing intermediate comprising p17
Gag and p24
Gag . Therefore, even though myristoylated Gag is expressed from mRNAs exported via Crm1-or NXF1-dependent pathways, only mRNA that utilizes the 4 Â CTE/NXF1 pathway has the potential to generate efficiently Gag protein that is functional for budding in murine cells.
As it had been previously shown that substitution of the HIV MA region with the analogous region of MLV MA (MHIV) enhances HIV budding in murine cells (Chen et al, 2001; , we tested whether utilization of the 4 Â CTE/ NXF1 nuclear export pathway could also enhance Gag budding in this context. Wild type and MHIV GPV-RRE and GPV-4 Â CTE constructs were made, transfected into 3T3 cells, and p24 Gag levels in the media then measured by ELISA ( Figure 3D ). While the MHIV Gag budded six-fold better than wild-type HIV Gag in the context of the RRE, Gag from the MHIV GPV-4 Â CTE budded a further eight-fold better than Gag from the MHIV GPV-RRE. Thus, changing an unspliced RNA's nuclear export pathway from RRE/Rev/ Crm1 to 4 Â CTE/NXF1 can enhance budding in murine cells in the context of two different MA-encoded membrane targeting signals.
To eliminate the possibility that differences in intracellular Gag levels were responsible for differences in budding phenotypes (i.e., low Gag expression resulting in inefficient budding), we performed a titration assay ( Figure 4A ). Transfections of 3T3 cells with 2, 0.6 or 0.2 mg of the GPV-4 Â CTE plasmid were performed using an empty vector to maintain DNA concentration, and compared to cells transfected with 2 mg of the RRE/GPV vector (plus Rev). Even when the intracellular levels of Gag expressed using the 4 Â CTE were considerably lower than those expressed with the RRE/Rev vectors, budding remained much more efficient for the 4 Â CTE construct (e.g., compare lanes 2 and 4). 3T3 cells transfected with GPV-RRE or GPV-4 Â CTE also showed no differences in the splicing of viral RNAs as determined by Northern blot analysis of cytoplasmic RNA samples ( Figure 4B ). Therefore, the increased level of budding seen in 3T3 cells transfected with the GPV-4 Â CTE construct is not due to changes in intracellular Gag expression levels or aberrant splicing.
As discussed earlier, the inefficient budding phenotype of Gag expressed using the RRE/Rev system in murine cells can be attributed to a lack of membrane targeting. To demonstrate more directly that Gag membrane trafficking in murine cells was restored by the addition of 4 Â CTE, membrane flotation assays were performed using lysates of transfected 3T3 cells ( Figure 5A ). Whereas only minor amounts of the Gag produced from the GPV-RRE vector were detected in the plasma membrane fractions, Gag expressed using the 4 Â CTE construct efficiently trafficked to the plasma membrane with substantial amounts of both p55
Gag and p24 Gag present in fractions 3 and 4. As expected, Gag expressed in HeLa cells from RRE-or 4 Â CTE-containing RNAs displayed similar profiles in the flotation assay to that of the GPV-4 Â CTE sample in 3T3 cells (data not shown). Indirect immunofluorescence analysis of Gag in 3T3 cells transfected with the GPV-RRE or the GPV-4 Â CTE constructs showed that Gag translated from RNA containing the 4 Â CTE is targeted specifically to the plasma membrane. In particular, Gag expressed using the GPV-RRE vector was dispersed throughout the cytosol ( Figure 5B , panels (i) and (ii)) while Gag expressed from 4 Â CTE-containing transcripts was detected predominantly in close proximity to the plasma membrane ( Figure 5B , panels (iii) and (iv)). Indeed, this staining pattern was also seen in HeLa cells transfected with either construct (data not shown). Thus, the identity of the RNA nuclear export element can determine whether or not the HIV p55
Gag polyprotein is trafficked to the plasma membrane in murine cells.
Finally, it remained plausible that the 4 Â CTE and RRE export elements could influence Gag fate by acting as a 3 0 UTR in the cytoplasm, rather than through events initiated in the nucleus. To eliminate this possibility, recombinant vaccinia -3) versus GPV-RRE þ pcRev (lane 4) is not due to variations in intracellular Gag concentration. Cells were transfected either with a titration of GPV-4 Â CTE (100% ¼ 2 mg pGPV-4 Â CTE þ 1 mg pcDNA3.1, total DNA levels were maintained by the addition of pcDNA3.1) or 2 mg of GPV-RRE þ 1 mg pcRev, and the Gag proteins were analyzed as in Figure 1A. (B) The RRE and 4 Â CTE RNA export elements do not lead to differences in splicing. Cytoplasmic RNA was isolated from 3T3 cells transfected with GPV-RRE or GPV-4 Â CTE and analyzed by Northern blot with a probe specific for the gag gene. The difference in transcript sizes is due to the 441 bp difference in the length of the RRE compared to the 4 Â CTE. Figure 5 4 Â CTE/NXF1-mediated nuclear export promotes the association of Gag with the plasma membrane. (A) RNA export elements modulate Gag's ability to associate with membranes using a membrane flotation assay. 3T3 cells were transfected with GPV-RRE þ pcRev (left panels) or GPV-4 Â CTE (right panels) and the resulting postnuclear supernatants were analyzed using a membrane flotation assay. Following fractionation, all samples were examined for Gag content by immunoprecipitation/immunoblot and for transferrin receptor (TR) by immunoblot. The smaller TR bands (marked with *) are degradation products, but as the antibody used is a monoclonal to the cytoplasmic tail, these are additive with the full-length 95 kDa protein. Fractions 3 and 4 contain membrane-associated proteins and, potentially, demembranated immature viral cores. (B) Indirect immunofluorescence shows that RNA export elements modulate Gag's ability to be targeted to the plasma membrane. Subconfluent mouse 3T3 cells were seeded on glass coverslips and transfected with GPV-RRE (panels (i) and (ii)) or GPV-4 Â CTE (panels (iii) and (iv)). At 20 h post-transfection, the cells were fixed and stained with rabbit polyclonal anti-MA antibody. viruses that expressed GPV-D, GPV-RRE and GPV-4 Â CTE were generated. Because vaccinia virus replicates in the cytosol (Moss, 2001) , the influence of regulatory elements that act in the nucleus should be lost. When 3T3 cells (Figure 6 ) or HeLa cells (data not shown) were infected with vvGPV-D, vvGPV-RRE or vvGPV-4 Â CTE, the levels of p24
Gag released into the culture supernatants (as well as the levels of intracellular p55
Gag , data not shown) were similarly high. Therefore, the export elements can only regulate HIV budding when expressed in the nucleus.
Discussion
The results described in this paper indicate that HIV unspliced RNA export and Gag trafficking to the plasma membrane are linked. By simply changing the RNA export element from the RRE to 4 Â CTE, we can restore Gag assembly and budding in murine cells (Figures 3 and 5) . To explain how a pretranslational event, RNA export, could modulate a posttranslational event, membrane trafficking, we hypothesize that HIV RNA is 'marked' at (or by) nuclear export such that the cytosolic fate of the encoded Gag is predetermined. Based on our findings, both the RRE/Rev/Crm1 and 4 Â CTE/NXF1 nuclear export pathways successfully 'mark' unspliced gagpol mRNA in human cells and promote proper assembly. However, in murine cells, 'marking' through the action of RRE/Rev/Crm1 is defective and HIV assembly is inhibited. Possibilities for the 'mark' include the structure of the mRNA itself or proteins that comprise the mRNP; these could be added or removed as the export complex is formed, as it transits the NPC, or as it is remodeled in the cytoplasm upon the completion of export. Because experiments using mousehuman cell fusions have demonstrated that the assemblypermissive human cell phenotype is dominant (Trono and Baltimore, 1990; Bieniasz and Cullen, 2000; Mariani et al, 2001) , it is most likely that murine cells lack a critical cellular factor (or express a defective version thereof) necessary for RNA marking in the context of the Rev/Crm1 export machinery. In contrast, 4 Â CTE/NXF1-mediated export results in productive marking of the gag-pol RNA mRNP in both murine and human cells. Our results show that the nuclear history of an RNA, mediated by the mode of RNA export, can regulate a protein's activity after translation.
We posit that differential cytosolic RNA localization, that is, where mRNA is localized to a specific region(s) of a cell or embryo (Palacios and Johnston, 2001; Kloc et al, 2002) , could explain why 4 Â CTE/NXF1-mediated RNA export rescues HIV Gag assembly and virion release in murine cells. Due to the viscosity of the cytosol, only RNAs that are shorter than 1.6 kb can freely diffuse and as much as 30% of the cytosolic mRNAs may be actively targeted to cytoskeletal polysomes (Jansen, 1999) . Because a large RNA such as the B9 kb HIV genome is unlikely to diffuse randomly, we suggest that murine cells fail to mediate proper cytosolic RNA localization following export via the RRE/Rev/Crm1 pathway. The 4 Â CTE/NXF1 nuclear export pathway results in no such defect as the RNA would be properly localized and translated Gag would then enter a trafficking pathway that culminates in efficient virus assembly. In human cells, RNA localization would be functional for unspliced RNA exported by both pathways. This model raises several interesting questions. First, as a protein 'mark' on the RNA would likely mediate the cytosolic localization, what are the differences in RNP composition between HIV genomes using each nuclear export pathway? Second, what are the cis-acting determinants that may regulate RNP composition, and, if the CTE itself is important, is there an important RNA regulation step for its natural host virus, M-PMV? Third, where is the HIV RNA localized for translation (as opposed to packaging) under assembly-permissive versus -nonpermissive conditions?
We do not know why Gag translated from RNA exported via RRE/Rev/Crm1 is not targeted to the plasma membrane of murine cells. We believe that Gag expressed this way should be competent for routing to the plasma membrane as it is myristoylated and no other post-translational modifications are known to be required for membrane trafficking. Based on the fact that multiple Rev/Crm1-independent constructs generate Gag protein that efficiently buds in murine cells, the cellular factors necessary for Gag trafficking to the plasma membrane appear to be functional (Figures 2, 3 and  6) . Recently, it has been shown for MLV and M-PMV that Gag is trafficked to the plasma membrane in the presence of the viral envelope glycoproteins using Rab11, transferrin-positive vesicles from the recycling endosome (Basyuk et al, 2003; . HIV Gag has also been shown to localize to multivesicular bodies and endosomes in multiple cell types (Goff et al, 2003; Nydegger et al, 2003; PelchenMatthews et al, 2003; Sherer et al, 2003; von Schwedler et al, 2003; Ono and Freed, 2004) , although mechanistically how this mediates Gag trafficking to the plasma membrane is unclear. If HIV gag-pol mRNA is indeed actively localized to a cytosolic compartment or microdomain, this could facilitate access of both the RNA and encoded proteins to important cellular assembly cofactors. Some potential consequences for nascent Gag molecules being exposed to appropriate spatially restricted cofactors include interactions with factors involved in trafficking to the plasma membrane or with chaperones such as Hsp70, TRiC and HP68 (Hong et al, 2001; Gurer et al, 2002; Zimmerman et al, 2002) . As Gag oligomerization has been shown to be necessary for myristate exposure (Tang et al, 2004) , chaperones could regulate an early cytosolic oligomerization step. Figure 6 The 4 Â CTE does not enhance Gag budding in murine cells when the RNA is directly expressed in the cytoplasm. 3T3 cells were infected with vaccinia viruses expressing GPV-D, GPV-RRE or GPV-4 Â CTE. At 48 h after infection, lysates and media were harvested and the Gag proteins analyzed as in Figure 2 . The relative levels of p24
Rel. p24 Gag
Gag in the media represent the mean of three independent experiments normalized to the vvGPV-D samples (mean value of 1.81 mg/ml) with error bars representing standard deviation. All three viruses expressed similar amounts of intracellular Gag (not shown).
The notion of a 'viral assembly factory' for HIV that is established by active RNA localization is not without precedent. Other viruses such as hepatitis C virus, herpesviruses and poxviruses have been shown to assemble in viral factories where the structural proteins and cellular factors necessary for assembly are concentrated (Sanchez et al, 2000; Heath et al, 2001; Egger et al, 2002; Shi et al, 2003) . Recently, it has been shown that M-PMV assembles in a pericentriolar compartment and that trafficking to this compartment is necessary for correct capsid assembly and the production of infectious virus . M-PMV Gag is trafficking to this region cotranslationally by a dominant protein signal within the MA region (Rhee and Hunter, 1990; Choi et al, 1999) . Since an analogous signal does not appear to be present in HIV Gag, it is plausible that the targeting to its assembly compartment could be mediated by RNA localization rather than by protein localization.
Genome RNA marking as a means of regulating critical cytosolic events may be a common feature in the life cycles of multiple retroviruses. Perturbation of the RNA export element of avian leukosis virus (ALV) has been associated with budding and genome packaging defects, as well as with reductions in cytoplasmic RNA levels (Boris-Lawrie et al, 2001) . Also, the ALV CTE is nonfunctional in mammalian (as opposed to avian) cells, leading to assembly defects as well as reduced genome RNA export (Nasioulas et al, 1995; Ogert et al, 1996) . Reminiscent of the data presented herein, altering the ALV genome RNA export pathway by the addition of HIV RRE (and Rev) conferred efficient viral budding in mammalian cells (Nasioulas et al, 1995) .
As an obligate intracellular parasite, HIV exploits cellular machinery to achieve productive infection and replication. Therefore, understanding the cellular factors necessary for the regulation of HIV genomic RNA function may aid in the general understanding of cellular gene regulation. For example, we liken these findings in the HIV and ALV systems to some previous studies of U snRNA biogenesis and fate (Ohno et al, 2002) . In particular, when the pathway of U1 snRNA export was manipulated from normal Crm1 dependence to NXF1 dependence, the exported RNA, while comprising the identical RNA sequence, was incapable of being reimported into the nucleus (as the U1 snRNP). Our results using HIV further support the concept that RNA nuclear export and associated processes can regulate RNA and protein activity in the cytoplasm.
Finally, the demonstration that efficient HIV assembly and budding is rescued in murine cells by the addition of 4 Â CTE in cis may have important implications for the development of small animal models of HIV replication and pathogenesis. As noted earlier, even though a number of essential replication cofactors have been identified in humans, their collective introduction into murine cells has, thus far, failed to render such cells permissive to productive HIV replication Bieniasz and Cullen, 2000; Mariani et al, 2000) . We propose that using an alternative RNA export element will now help to overcome the barrier to virion assembly.
Materials and methods

Cell culture and plasmids
HeLa and 3T3 cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1% Penn-Strep. The Rev-independent (pSYNGP, codon-optimized) Gag-Pol vectors have been described (Kotsopoulou et al, 2000) . The GPV vectors were constructed by first inserting the RRE (HIV-1 IIIB isolate nucleotides 7708-8058) or the 1 Â CTE from M-PMV (nucleotides 8007-8176) as XhoI/XbaI fragments into pcDNA3.1 (Invitrogen); the multimeric 4 Â CTE (Wodrich et al, 2000) was inserted as an EcoRI/NotI fragment. A SacI/EcoRI fragment of HIV-1 YU2 , HIV NL4-3 or HIV NL4-3 with the MLV MAp12 (Chen et al, 2001 ) that encompassed the Gag-Pol-Vif region (nucleotides 678-5741 for HIV-1 YU2 , 487-5743 for HIV NL4-3 ) was then inserted between the HindIII and EcoRI sites of these vectors as well as of pcDNA3.1. The HIV-1 YU2 -based vectors were used for all experiments except that reported in Figure 3D . The HIV Rev expression vector pcREV contains the Rev cDNA cloned into pcDNA3.
Budding assays
Gag expression vectors were transfected into HeLa or 3T3 monolayers using FuGENE 6 (Roche) according to the manufacturer's directions and the medium was changed at B24 h. At 40 h post-transfection, the culture supernatants were removed, filtered through 0.45 mm filters and adjusted to 1 Â RIPA buffer (10 mM TrisHCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate) for immunoprecipitation: corresponding cell pellets were harvested and lysed in 1 Â RIPA buffer. All samples were incubated with a polyclonal CA-specific antiserum raised in rabbits (Simon et al, 1997) , and the immunoprecipitates were subjected to immunoblot analysis using a murine CA-specific monoclonal antibody (Gaddis et al, 2003) , an HRP-conjugated secondary antibody and enhanced chemiluminescence. Supernatant p24 Gag levels were measured by ELISA (Perkin Elmer) according to the manufacturer's directions.
Membrane flotation assays
Analyses of Gag interactions with membranes were performed similar to that described by Ono and Freed (1999) . Briefly, transfected HeLa or 3T3 cells were harvested at B40 h, and postnuclear supernatants (PNSs) were generated by sonicating the cells and pelleting nuclei at 1000 g. PNSs were adjusted to 70% sucrose (w/v) in 2.5 ml, and overlaid with 6 ml of 65% (w/v) and 2.5 ml of 10% (w/v) sucrose in a 14 Â 89 mm tube (Beckman) to create a discontinuous gradient between the 10 and 65% sucrose fractions. Gradients were centrifuged at 120 000 g for 18 h and eleven 1 ml fractions were collected. Each fraction was adjusted to 1 Â RIPA, and either analyzed for Gag content by immunoprecipitation followed by immunoblot (as described above) or directly by immunoblot using a transferrin receptor (TR)-specific antibody raised in mice (Zymed), an HRP-conjugated secondary antibody and enhanced chemiluminescence. Fractions 3 and 4 contain the membrane-bound Gag and any potential demembranated immature viral cores.
Immunofluorescence Subconfluent 3T3 cell monolayers were seeded onto coverslips (Cover Glass, 23 mm, BDH) in six-well plates and transfected using FuGENE 6. Cells were fixed 20 h post-transfection with 4% paraformaldehyde (PFA) in 250 mM HEPES pH 7.4 for 10 min on ice. This was followed by further fixation with 8% PFA in 250 mM HEPES pH 7.4 for 50 min at RT. Cells were then washed, incubated with 50 mM ammonium chloride in PBS (to quench the unreacted PFA), permeabilized with 0.2% Triton X-100 in PBS and incubated with blocking solution (10% FBS in PBS) for 1 h at RT. Cells were stained with rabbit polyclonal anti-serum UP595 (raised against HIV MA) at a 1:1000 dilution for 1 h, and bound antibody was detected with a goat anti-rabbit IgG conjugated to tetramethyl rhodamine isothiocyanate (TRITC). The stained cells were then washed and mounted onto Citifluor AF-1 mounting medium containing 1 mg/ml of 4 0 , 6-diamin-2-phenylin-dol-dihydrochloride (DAPI) for DNA staining. Images were collected with a laser confocal scanning microscope (DM IRE2, Leica) and processed with the LCS (version 2.02) software (Leica) and Adobe Photoshop (version 6.0). Each image represents a single horizontal optical slice (0.1-0.25 mM) taken through the estimated centre of the sample.
H myristylate labeling
Metabolic labeling was performed similar to that described by Bijlmakers and Marsh (2000) . At 40 h post-transfection, cells were preincubated in labeling media (DMEM, 5% serum, 5 mM sodium pyruvate and 4 Â nonessential amino acids) for 1 h. In all, 0.56 mCi/ml [9,10(n)-3 H]myristic acid (Amersham) was then added in DMSO, and the cultures were maintained for a further 6 h. The cells were washed with PBS, lysed in RIPA buffer and the Gag proteins were immunoprecipitated with a CA-specific polyclonal antiserum raised in rabbits (Simon et al, 1997) . Samples were resolved by SDS-PAGE and visualized by autoradiography.
Northern blot
Cytoplasmic RNA was isolated from transfected 3T3 cells using the Quigen RNeasy kit according to the manufacturer's directions. A Northern blot was performed as previously described (Sheehy et al, 2002) using a probe for the gag gene (bp 1083-1710 of the YU2 provirus).
Vaccinia virus cloning and infections
Gag expression cassettes were cloned into the vaccinia recombination plasmid pSC65 to create pSCGPV-D, pSCGPV-RRE and pSCGPV4 Â CTE. Recombinant vaccinia viruses were generated as described in Current Protocols in Molecular Biology. Briefly, recombination plasmids were transfected into HEK293T cells that had been infected with the WR strain of vaccinia at an MOI of 0.05. At 48 h post-transfection, the cells were harvested, freeze thawed to release recombinant viruses, and the recombinants isolated through three rounds of plaque purification using HuTK-143B cells in the presence of BrdU. Stocks of vvGPV-D, vvGPV-RRE or vvGPV4 Â CTE were expanded using HeLaS3 cells, and titers determined on BSC-1 cells. Budding assays were performed by infecting 90% confluent monolayers of HeLa or 3T3 cells at an MOI of 10 in DMEM, 2.5% FCS for 60 min, washing and examining cell supernatants and lysates by ELISA or immunoprecipitation/ immunoblot as above.
